• The role of hyperplasia in the pathogenesis of atherosclerosis has not been fully investigated. This can be attributed, in part, to the fact that classically one depends npon the finding of rare niitotie figures to demonstrate evidence of proliferation in a normally stable coll population. Autoradiographic visualization of desoxyri bo nucleic acid (DNA) synthesis affords a more dynamic, yet simpler approach to the study of this aspect of the problem.
The tritiation of: thymidine, 1 which is incorporated solely into DNA, 2 provides the necessary tool for such a study. DNA is produced during interphase by nuclear chromatin presumably only when nuclear division is anticipated. 1 Such a state would be a necessary prerequisite fox 1 the incorporation of thymidine by the DNA molecule. The weak beta emissions of tritiated thymidine, coupled with autoradiographic techniques, will accurately localize those nuclei engaged in DNA synthesis. 3 Since DNA synthesis time is much longer than, the time required for a cell to pass through mitosis,' 1 it is evident that the chance o.l! finding labeled cells would be considerably greater than that of observing mitotic figures.
The present studies were undertaken to help establish the baseline for cells capable of DNA synthesis in rabbit aorta and coronary vessels, to compare the numbers of these cells, and then to determine the effect of an atherogenic diet on their frequency of occurrence. It was hoped that further insight could be obtained concerning the origin of the cellular components found in atherosclerotic lesions.
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Methods
ANIMALS
Twenty New Zealand white female rabbits, approximately one year of ago and weighing from 3 to 5 Kg., were numbered and caged individually in a temperature-controlled, air-eonditioned room. Female rabbits were used because of their reported increased susceptibility to cholesterol-induced atherosclerosis. 5 ' ° Adult animals were selected to minimize proliferation contributed by normal growth, in order to avoid confusion with that which might bo contributed by the atherosclerotic process.
EXPERIMENTAL DESIGN
The rabbits were divided randomly into two groups. Members of one group served as controls, while members of the other served as test animals. The test and control animals were then paired off. A pair was scheduled for sacrifice at weekly intervals through the fifth week of the experiment and then again on the seventh, thirteenth, seventeenth, twentieth, and twenty-first weeks. Random selection was used for both pairing and determining the order in which the animals would be sacrificed. Observations made on the current set of rabbits were used to help arrive at the date for sacrificing the next pair.
CHOLESTEROL DETERMINATIONS
A modified Abell et al. 7 method was used to determine total plasma cholesterol levels. Initially, analyses on four separate plasma samples, taken at weekly intervals from each animal, were performed to establish their usual range of values. Later, cholesterol levels wore obtained one week after feeding commenced and again ascertained just prior to the administration of the isotope. Animals were fasted overnight before blood was drawn.
DIETARY REGIMENS
Control animals wore offered 150 dm. of regular Purina Chow per day. The test animals' food differed only in that cholesterol was added to their diet. The addition of cholesterol was accomplished by sprinkling a, cholesterol-ether solution over spread chow pellets, and then allowing the other to evaporate. In this manner, 5 6m. of cholesterol
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FIGURE 1
Labeled epithelial cells in a section taken from the duodenum. This highly •proliferative tissue served as a control for processing the autoradiograms. Exposure time, six clays; heviatoxylin and eosiii stain,, X 480.
(U.S.P.) were admixed with every 1,000 Gin. of regular chow. Fifty Gm. of this preparation were placed on top of 100 Gm. of regular chow used to fill the bottom of the test animals' feeding troughs.
In this way, the experimental animals were offered a 250-rng. supplement of cholesterol per day. This relatively small daily dose of cholesterol was given so that if an altered DISTA activity did ensue, it would do so gradually nnd perhaps stand a better chance of being observed. Diets were stored in moisture-free containers until needed. Water was given ad libitum. Records of weekly weights were kept.
ISOTOPE AND ADMINISTRATION
Tritium (physical half-life = 12.26 years, decaying by beta emission with a peak energy of 0.01S Mev)-labeled thyimdine (tritiated thyinidine, thyinidine-ll 3 , H 3 Th) was administered intravenously to each animal in doses of 0.5 /j,e. per Gin. of body weight one hour prior to sacrifice. A pilot experiment had indicated that one hour was just as satisfactory for the in vivo incubation of the thyrnidino as wos a 4-, 10-, or 24-hour period.
TISSUE SELECTION AND PREPARATION OF SECTIONS
Death was precipitated rapidly in the animals by the intravenous injection of air. The aortae were carefully stripped of adhering fascia and resected so as to include the ascending aorta proxiiiuilly, and the iliac bifurcation distally. The aortae were opened ventrally, gently washed with bovine scrum, nnd then scrutinized for evidence of gross plaque formation. Next, the aortae were divided into their thoracic nnd abdominal components by incisions made at the level of the diaphragm. Half of each resulting section was fixed in 10 per cent buffered formol, while the other half was "quickfrozen" in liquid nitrogen. The latter specimens were preserved for fat staining on frozen sectioned autoradiograms.
The formolized sections were fixed overnight, individually rolled into spirals, and then embedded in paraffin. Serial slices, 4 to 5 / A in thickness, were cut perpendicularly to the axis of the coils so that each section would provide an entire length of either thoracic or abdominal aorta for scanning. The histological sections were mounted on regular glass slides and depamffinized in the usual manner, except that they remained in water-filled jars until brought to the darkroom for processing.
In the pair of animals sacrificed on the twentieth week of the experiment, specific bifurcations of the aorta and its major branches were excised rather than the intact aorta. The bifurcations taken from each animal were the bilateral bifurcations of the common carotids giving rise to internal nnd external carotid arteries, the bifurcation of the right common carotid with the right subclavian, the bifurcation of the innominate giving rise to the common carotids, the bifurcation of the aorta find the innominate, the aorta, and the left subclavian, the aorta and the eeliac artery, the aorta, and the superior mesenteric, the aorta and the renal arteries bilaterally, and finally the bifurcation of the aorta, giving rise to the common iliac arteries. Sections were cut tangentially to obtain a crosssectional view of the bifurcations. In all other respects, these sections were then handled in the same way as described above.
Heart blocks were taken from the anterior wall of the left ventricle to include branches of the major descending coronary vessels. Except for the fact that the sections were cut tangentially to the pericardia 1 surface, the heart tissues were handled in the same manner as were tho aortae.
A section of duodenum was taken from each rabbit to serve as the control tissue because of the highly proliferative endotheliuin (see fig. 1 ).
PREPARATION OF AUTORADIOGRAMS
Kodak's NTB-2 photographic emulsion was used to make the autoradiograms. The bottles of emulsion, normally stored in a refrigerator at 5 C, were allowed to come to room temperature and then poured, under darkroom conditions, into a jar designed to fit into the port of a covered, eonsta.nt-temperat.ure water bath kept at 43 C. One hour was allowed for the emulsion to attain the proper consistency. For staining and reading, a thin, evenly applied film of emulsion is desirable. To achieve this, slides were gently blotted, warmed to bath temperature by placement on the water bath cover, and then individually immersed in the emulsion for only 10 seconds. Care was taken to avoid bubble formation. The slides were then placed vertically in racks and allowed to dry. Next they were put into plastic slide boxes along with a loosely corked tube of anhydrous CaS0 4 . The boxes were made light-proof by sealing with plastic tape, after which they were stored in a refrigerator at 5 C. for six days.
Following the six-day exposure period, the boxes were brought back to the darkroom, allowed to come to room temperature, and the slides developed by allowing two minutes in both developer ajid hypo solutions and 20 minutes in a running water bath. After drying overnight at room temperature, the autoradiograms were stained with heniatoxylin and aqueous oosin.
STAINING
The staining of the autoradiograms was carried out as if the emulsion film did not exist. The autoradiograms were stained in heniatoxylin for two and a half minutes, washed in a running water bath for 20 minutes, stained with aqueous eosin for ono-half minute, and then brought quickly through 50, 70, 80, and 95 per cent alcohols and (inaJly into absolute alcohol of which there were four separate changes. Two minutes wore allowed in each of the absolute alcohol baths, as well as in each of the succeeding four xylol rinses. Coverslips were placed on the autoradiograms directly upon coming out of the hist xylol bath using HSR (Harleeo Synthetic Resin) as the mounting agent. Forty-eight hours were required for the HSR to dry. Lastly, the emulsion was scraped from the bottom surface of the slides before the autoradiograms were read.
PREPARATION AND STAINING OF THE FROZEN SECTIONED AUTORADIOGRAMS
The frozen aorta tissues were thawed, rolled into spirals, and then mounted on microtome object discs by using water and dry ice. Thin 4-to 5-JX sections were obtained by cutting the tissue in a cryostat cooled to -20 C. While still in the cryostat, the sections were brushed onto glass slides and caused to adhere to them by the warming effect of a fingertip touched to the bottom surface of the slides. The preparations were then fixed in 10 per cent buffered formol for 10 minutes and washed in a gently running water bath for 30 minutes. The method by which the photographic emulsion was applied, the exposure period, and the developing process were identical with those described above. The sections were then stained using oil red O for the fat stain and heniatoxylin for the counter stain. The fat staining involved a two-minute rinse in absolute propylene glycol, a 45-minuto immersion in the oil red O solution, a two-minute period in 85 per cent propylene glyeol Circulation Research, Volume XI. August 19G2 for color differentiation, ajid finally two threeminute washes in distilled water. Next, the slides were counterstained with heniatoxylin for two and a half minutes and then placed in a running water bath for 30 minutes. Coverslips were applied with glycerin jelly and, as with the other autoradiograms, emulsion was scraped from the bottom surface of the slides before they were read.
READING OF SLIDES
Sections were systematically scanned over their entire area using an ocular (10X) and a high dry objective (43X). An oil immersion objective (100X) was used to confirm the presence of a suspected labeled cell. Nine sections from ouch tissue block were studied using a scanning time of one-half hour per section.
Results
WEIGHTS AND CHOLESTEROL LEVELS
The surviving test and control animals either maintained weight or slowly gained weight (table 1) throughout the course of the experiment. On comparison, no difference in the weight response was noted between the two groups.
All of the test animals developed an elevated plasma cholesterol level after one week of cholesterol feeding. The subsequent hypercholesterolemias encountered in these animals varied nearly in direct relationship to the length of time they were on their diet. The highest cholesterol value recorded in this group was 1,106 mg. per cent. Cholesterol levels in the control animals did not deviate significantly from their initial range of values except for rabbit no. 1, which had an unexplained hypocholesterolemia (table 1).
CONTROL AORTAE
No spontaneous vascular lesions, either gross or microscopic, were observed in any of the thoracic or abdominal aortic segments of the control animals. Evidence of proliferation was therefore interpreted to be due solely to normal processes of cell replacement.
Autoradiographically, the control aortae may be considered as a whole rather than as thoracic and abdominal components, since no difference was found in the labeling index of these two segments. Since only one labeled cell was found per 200 high power fields, it, is evident that this tissue normally comprises an 332 SPRAEA&EN, BOND, DAHL extremely stable population of cells. Similar results were obtained on randomly selected slides exposed up to 28 days. Tabulating the labeled cells according to their location showed that there were more labeled cells in the media than in the adventitia, and more labeled cells iu the adventitia than in either the intima or subintima. If weighted according to the total number of cells occurring in each layer, however, a sequence listed in the reverse order would probably better approximate the relative DNA activities in these compartments. Actually, the number of labeled cells observed in the control aortae were so few that only qualitative significance may be attributed to them. Yet this study clearly establishes that, if this tissue were categorized according to the scheme of Leblond et al., it would be listed along with cerebrum, striated muscles, etc., iu group 1, entitled "stable cell populations."' Positive identification of the labeled cells found in the various compartments of the aorta is at this time limited to the readily recognizable endothelial cells. However, considering the size and shape of its nucleus, the labeled cell seen in figure 2 very probably represents an example of a smooth muscle cell preparing to undergo mitosis.
Weights and Plasma Total Cholesterol Values
BIFURCATIONS
The number of cells synthesizing DNA in the walls of the bifurcations resected in the twentieth week of the experiment was not enhanced over the rate established for the aorta as a whole (see fig. 3 ). The test tissue in this set differed from the control only when a particular bifurcation was the site of an atherosclerotic lesion. No evidence of DNA activity was noted in the arteries distal to their bifurcation with the aorta.
TEST AORTAE
With a near zero baseline for the production of DNA in the control aorta tissues, it is evident that further depression of DNA synthesis by a noxious agent probably Avould not be recognized in a study such as this. On the other hand, a stimulus which increased the number of cells producing DNA would stand a good chance of being appreciated. Granting the above, no change was noted in the labeling index (as defined above) in the aortae of the test animals through the fifth week of the experiment. This lack of proliferative potential persisted in spite of the fact that the plasma cholesterol levels were significantly elevated by the end of the first week of the experiment and markedly elevated by the time the animals were sacrificed. The test aortae were also free of both gross and microscopic atherosclerotic lesions during this five-week period.
Atherosclerotic lesions in various stages of development were found, however, in the aortae of all the test animals sacrificed subsequent to the fifth week. The maturity and Example of a labeled cell, probably a smooth muscle cell, in the media of the aorta (arrow). Exposure time, six days; hematoxylin and eosin stain, X 480.
distribution of these lesions progressed in the expected manner: starting with microscopic lesions in the ascending aorta of the animal sacrificed in the seventh week, and progressing to patchily distributed macroscopic lesions in the thoracic aorta of the animal sacrificed in the thirteenth week with involvement of both the thoracic and abdominal segments in the remaining test animals. The cellular lesions of all sizes were comprised mainly of foam cells identified as such by their abundant, lacy-appearing cytoplasm. In all eases, the thoracic aorta was more involved than was the abdominal aorta. The extent of the lesions was better correlated with the length of time the animals were on cholesterol feeding than with the actual plasma cholesterol levels. Active proliferation, as evidenced by the number of labeled cells, was seen to play a very significant role in cellular lesions of all ages and sizes (see fig. 4 ). Figure 5 is a higher magnification of the same lesion. At this magnification, it can be seen that in most instances it is the foam cell which bears the label. This active proliferation was found limited to the site of a lesion. There was no evidence of increased proliferative activity found in the intimal cells covering the lesion, or in the intimal or subintimal cells immediately adjacent to the lesion. 9 The nearby cells in the media also failed to demonstrate an increased number of labeled cells. As seen in the photomicrograph ( fig. 4 ), most of the active proliferation occurred in the subintimal layer. Indeed, if these localized cellular le-
An example of an atherosclerotic lesion. The intimul surface is seen at the top, left corner. Note the appreciable number of labeled cells and their locations (arrows). Exposure time, six days; hematoxylin and eosin stain, X 320. sions were excised, the labeling index of the test aortae could not be distinguished from that of the control tissues.
FROZEN SECTIONS
Results derived from preliminary studies indicate that lipid stained material may be present in the intimal layer of test aortae without concomitant evidence of! cellular proliferation in the surrounding cells. In recognizable lesions, however, the cytoplasm of labeled cells similar to those identified as foam cells in the II and E preparations was also found to be stained by the oil red 0 fat stain.
CORONARY VESSELS
The study of the coronary tissues revealed that the cells comprised in the walls of these vessels were even more stable than those in the aorta. In no way did the DNA activity in the coronaries of the test animals differ from that found in the control coronary vessels. Grouping together the observed coronary arteries of the 20 animals used in this study, only three, medially located, labeled cells were seen. As reported by Prior et al., 10 the major coronary vessels in our test animals too failed to show evidence of atherosclerotic involvement.
HEART TISSUE
Adjacent myoeardial tissue was observed during the study of the coronary vessels. Surprisingly, considerable evidence of DNA synthesis was manifested both in the control as well as the test heart tissue. This observation led to an attempt to quantify the degree of labeling, since it appeared that cholesterol feeding influenced the labeling index. The results of this study are being reported in a separate publication.
Discussion
That cells normally present in rabbit aorta rarely participate in DNA synthesis is indicated from these studies by the finding of only 1 II s Th-labeled cell per 200 high power fields. This can be appreciated even more by comparing the total absence of label found in a. segment of aorta ( fig. 3 ) with the large number of labeled cells that appear in a comparable field of intestinal tissue under similar experimental conditions ( fig. 1 ). This absence of evidence of proliferation persists even around the orifices of branching vessels. On hypothetical grounds, it would have seemed reasonable to expect evidence of enhanced DNA synthesis in areas of the aorta subject to increased hemodynamic stress, 11 if only for reasons of compensatory regeneration. It is conceivable that this lack of proliferative potential may be related to the predilection of these sites for the development of atherosclerotic lesions.
Prom the increased number of labeled cells observed in frank lesions, it is evident that proliferation proceeds at an appreciable rate once it has started. The fact that labeled foam cells occur in groups at varying depths in Circulation Research, Volume XI, August 196S the atherosclerotic lesion suggests that the foam cell maintains its proliferativo potential though encompassed by the lesion. This by no means implies that all the foam cells originate at the site of the lesion. It simply indicates that once in the lesion the foam cell maintains the ability to produce DNA and thus presumably to divide. With the demonstrated ability to synthesize DNA for at least a part of its life cycle, the foam cell cannot be considered solely as a degenerating cell. 12 ' 1:! T. Leary's 14 . contention that the foam cells first proliferate as part of the retieuloendothelial system of: the liver, then break loose from, their mooring to traverse the pulmonary capillary bed and ultimately invade the aortic intima cannot be supported by the present work. The appearance of label in a lesion within one hour and the evidence that foam cells may proliferate within the lesion both argue against this hypothesis. The possibility that blood may have contributed the original foam cell cannot be ruled out however.
No mural thrombi were encountered, nor was there evidence in any area of an increased number of intimal cells producing DNA. Therefore, this study in the rabbit offers no support to Duguid's theory 15 for the pathogenesis of the atherosclerotic lesion. Evidence of lipid stained material in the intimal layer of the aorta was encountered without evidence of DNA synthesis in the surrounding cells. This would support Anitschkow's postulation 1G that sequentially, active proliferation takes place after there is evidence of fatty infiltration. Anitschkow also claimed that the proliferative elements are the histiocytes and fibrocytes that normally occur in the subintimal layer. However, no evidence of DNA synthesis was observed in these cells prior to the recognition of the atherosclerotic lesion characterized by foam cells. Also there was no evidence from this investigation either to support or refute the possibility that the foam cell may have originated in the media of the artery, 17 ' J8 but it is suggested if this be true, that migration to the site of the lesion takes place prior to proliferation. Should the reverse be true, evidence of DNA activity in the media subjacent to the lesions might have been encountered.
These findings tend to corroborate and extend Duff's work, 10 in which he reported failure to observe mitotic figures in his intimal surface preparations. This study, as does that of Edwards and Klein, 20 supports Zweifach's statement 21 that endothelial cells, depending upon their location in the vascular tree, have different proliferative potentials.
Summary
Babbit aorta and coronary vessels were studied with thymidine-IF and autoradiography. They were found to comprise an extremely stable population of cells, the latter probably even more stable than the former. Compensatory repair by means of regeneration at sites of bifurcation seems inadequate. This in part may explain the susceptibility of these areas to the development of atherosclerotic lesions. Proliferation, although sequentially secondary to fatty infiltration, plays an active role in the pathogenesis of cellular atherosclerotic lesions as seen in the rabbit. Foam cells possess the ability to synthesize DNA even when incorporated within the atherosclerotic lesion. Arguments in support of and opposed to some of the current hypotheses for the pathogenesis of atherosclerosis have been presented.
